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The production of heat, i.e., thermogenesis, is a significant component of the metabolic
rate, which in turn affects weight gain and health. Thermogenesis is linked to physical
activity (PA) level. However, it is not known whether intrinsic exercise capacity, aging,
and long-term voluntary running affect core body temperature. Here we use rat models
selectively bred to differ in maximal treadmill endurance running capacity (Low capacity
runners, LCR and High capacity Runners, HCR), that as adults are divergent for aerobic
exercise capacity, aging, and metabolic disease risk to study the connection between PA
and body temperature. Ten high capacity runner (HCR) and ten low capacity runner (LCR)
female rats were studied between 9 and 21 months of age. Rectal body temperature
of HCR and LCR rats was measured before and after 1-year voluntary running/control
intervention to explore the effects of aging and PA. Also, we determined whether injected
glucose and spontaneous activity affect the body temperature differently between LCR
and HCR rats at 9 vs. 21 months of age. HCRs had on average 1.3◦C higher body
temperature than LCRs (p < 0.001). Aging decreased the body temperature level of
HCRs to similar levels with LCRs. The opportunity to run voluntarily had a significant
impact on the body temperature of HCRs (p < 0.001) allowing them to maintain body
temperature at a similar level as when at younger age. Compared to LCRs, HCRs
were spontaneously more active, had higher relative gastrocnemius muscle mass and
higher UCP2, PGC-1α, cyt c, and OXPHOS levels in the skeletal muscle (p < 0.050).
These results suggest that higher PA level together with greater relative muscle mass
and higher mitochondrial content/function contribute to the accumulation of heat in the
HCRs. Interestingly, neither aging nor voluntary training had a significant impact on core
body temperature of LCRs. However, glucose injection resulted in a lowering of the body
temperature of LCRs (p < 0.050), but not that of HCRs. In conclusion, rats born with high
intrinsic capacity for aerobic exercise and better health have higher body temperature
compared to rats born with low exercise capacity and disease risk. Voluntary running
allowed HCRs to maintain high body temperature during aging, which suggests that
high PA level was crucial in maintaining the high body temperature of HCRs.
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INTRODUCTION
Thermogenesis is an energy demanding process that has a
significant contribution to daily total energy expenditure (TEE),
body weight and health (Levine et al., 1999; Rosenbaum et al.,
2008). High thermogenesis is linked to high physical activity (PA)
level, as body temperature rises as a result of increased muscular
activity (Gleeson, 1998). In rodents it has been established, that
high PA in turn is tightly associated with high aerobic capacity
(Novak et al., 2010). Whether the level of thermogenesis is due
to inborn aerobic capacity or a consequence of PA level per-se
remains unclear.
Several features affect thermogenesis such as age, physical
activity, meals (processing nutrients), stress, and in females the
stage of estrous cycle (Landsberg et al., 1984; Horan et al., 1988;
Kent et al., 1991; Yamashita et al., 1994; Kontani et al., 2002;
Waters et al., 2010). Physical activity, whether it is endurance
or strength training, or just normal daily activities, correlates
positively with body temperature (Nozu et al., 1992; Tonkonogi
et al., 2000). Thermic effect of food is known to increase
energy expenditure and thermogenesis (Rothwell and Stock,
1979; Cannon and Nedergaard, 2004), whereas stress causes
an increase both in blood glucose concentration and body
temperature via stress hormones and stress related behavior
(Blanchard et al., 2001; Vachon and Moreau, 2001). In females,
the stage of estrous cycle is known to affect the body temperature;
temperature increases during proestrus, when progesterone and
estrogen concentrations are highest, while during estrus there is
a drop in body temperature (Marrone et al., 1976; Kent et al.,
1991).
At cellular level, the amount and efficiency of mitochondria
and uncoupling proteins (UCP) play the main role in
thermogenesis (Cannon and Nedergaard, 2004; Rousset et al.,
2004). UCP1 is primarily found in the mitochondria of brown
adipose tissue (BAT), whereas UCP3 is the main uncoupling
protein expressed in skeletal muscle (Rousset et al., 2004). UCP2
is a mitochondrial uncoupling protein that separates oxidative
phosphorylation from ATP synthesis with energy dissipated as
heat. Although UCP3 and UCP2 share similar features, UCP2
is mainly thought to control the production of mitochondria-
derived reactive oxygen species, whereas UCP3 plays a main
role in non-shivering thermogenesis (Boss et al., 1997; Rousset
et al., 2004). Besides UCPs, also amount and efficiency of
mitochondria to produce heat affects body temperature. PGC-
1α plays a key role in mitochondrial biogenesis whereas
cytochrome c (cyt c) is a crucial component of the electron
transport chain in mitochondria and hence these proteins
are essential for muscle oxidative capacity (Huttemann et al.,
2011; Lin et al., 2015). Endurance exercise is known to
increase PGC-1α levels and mitochondrial biogenesis in muscle,
although UCP levels are found to be reduced (Nozu et al.,
1992; Freyssenet et al., 1996; Pilegaard et al., 2000; Jones
et al., 2003; Russell et al., 2003; Holloszy, 2008). Aging in
general causes decrease in thermogenesis via lower UCP levels,
reduced response to noradrenaline and diminished BAT content
(Horan et al., 1988; Yamashita et al., 1994; Kontani et al.,
2002).
BAT has for long been considered as the main thermogenic
organ (van den Berg et al., 2011). At present, in addition to BAT,
skeletal muscle has been demonstrated to significantly contribute
to thermogenesis (Gavini et al., 2014). Since approximately 40%
of total body mass is composed of muscle, the capacity of
skeletal muscle to contribute to whole-body energy expenditure
is reasonable. The contribution of skeletal muscle mitochondrial
uncoupling to weight gain has been demonstrated in several
mouse models (Son et al., 2004; Choi et al., 2007; Costford
et al., 2008). It has been shown that UCP3 overexpression
protects mice from high-fat diet induced insulin resistance
and obesity (Clapham et al., 2000; Choi et al., 2007). Recent
studies from genetically contrasting rat lines reveal that intrinsic
aerobic capacity has a major role in TEE, physical activity
level and non-exercise activity thermogenesis (NEAT; Novak
and Levine, 2007; Gavini et al., 2014). Rats selectively bred for
high aerobic endurance capacity (HCR = high-capacity runner)
are also spontaneously more active and consume more energy
compared to their counterparts that are selectively bred for
low aerobic endurance capacity (LCR = low-capacity runner;
Koch and Britton, 2001; Kivelä et al., 2010). Furthermore, HCRs
have lower risk to become obese and have longer lifespan
compared to LCRs, whereas LCRs are prone to gain excess
body weight and develop metabolic disorders (Wisloff et al.,
2005; Noland et al., 2007; Kivelä et al., 2010; Koch et al.,
2011).
Body temperature is tightly associated with metabolic rate
(Geiser, 1988; Heikens et al., 2011; Landsberg, 2012); in
fact 1◦C rise in temperature is associated with a 10–13%
increment in oxygen consumption (Landsberg, 2012). The
elevation in temperature itself is responsible for speeding up
metabolism, since enzyme-catalyzed reactions are enhanced in
higher temperatures (Landsberg et al., 2009).We recently noticed
that besides the differences between the HCR and LCR rat lines
listed above, anesthetized HCRs seemed to have higher body
temperature compared to LCRs (unpublished observation). We
wanted to study this observaton more carefully and measured
the body temperature of HCR and LCR rats and studied
the effects of aging and voluntary running for 1-year. We
also followed the body temperature and spontaneous activity
during glucose tolerance and placebo test to assess the effect of
stress (injection) and high blood glucose. Our first hypothesis
was that HCR rats have intrinsically higher body temperature
compared to LCRs due to their higher mitochondrial capacity
to produce heat. Secondly, we hypothesized that aging would
decrease body temperature levels due to aging related loss of
mitochondrial function and decreased expression of the UCP
in skeletal muscle and BAT, but the difference between the
HCR/LCR rat lines would still be evident. Thirdly, we assumed
that voluntary running would increase the body temperature in
both rat lines due to increased mitochondrial biogenesis, thus
aiding to prevent age related decrease in mitochondrial function.
Our final hypothesis was that glucose injection would increase
the body temperature especially in the energy-dissipating HCRs,
since BAT as insulin sensitive tissue may have a major role in
dissipating extra energy as heat (Cannon and Nedergaard, 2004;
Stanford et al., 2013).
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MATERIALS AND METHODS
Animal Lines
The HCR/LCR contrasting rat model was produced via two-
way artificial selection, starting from a founder population of
186 genetically heterogeneous rats (N:NIH stock), as described
previously (Koch and Britton, 2001). Endurance running
capacity was assessed at the University of Michigan (Ann Arbor,
Michigan, USA) with a speed-ramped treadmill running test
(15◦ slope, initial velocity of 10 m•min−1, increased 1 m/min
every 2 min) when the rats were 11 weeks of age. For the
glucose and placebo tests described here, 20 female rats (10
HCR and 10 LCR) from the 27th generation of selection were
used (Figure 1, Set 1). First non-trained animals were tested
before 1-year voluntary intervention (age 9 months) and the
tests were repeated as follow-up after the intervention (age
21 months). We also used tissue samples collected from 60
female rats from generations 23–27 of selection given the
same voluntary running intervention to prepare Western blots
from gastrocnemius muscle and BAT at the same time points
(Figure 1, Set 2). An additional set of 4–6 months old female
HCR/LCR rats from the generation 35 were used to measure
body surface temperatures. The rats lived in an environmentally
controlled facility (12/12 h light-dark cycle, 22◦C) and received
water and standard feed (R36, Labfor, Stockholm, Sweden) ad
libitum.
Baseline Measurements
Body Temperature
Body temperature was assessed by measuring rectal temperature
(Fluke 52 k/J Thermometer) after 2 h of fasting before dividing
the rats into separate intervention groups (n = 10/group).
Measurement was repeated in separate days and the average of
two measurements was used for the statistical analyses.
Surface Temperature from Back and Tail
An infrared camera (FLIR A300) with thermal sensitivity of
<0.05◦C was used to assess surface temperatures of backs
and tails of HCR/LCR rats from the generation 35 (n = 9–
12/group). For the measurement, each rat was lifted from the
home cage to a separate plastic cage and three infrared images
were taken at 5 s intervals. Using the software of the camera
manufacturer (ThermaCAM Researcher Pro 2.1.) the highest
surface temperature of the rat back and tail from each image was
recorded and the mean values were regarded as the actual back or
tail surface temperatures.
Intervention
Before the first measurements, at the age of 9 months, the rats
were housed two per cage in standard cages. After the first
measurements rats were divided into groups evenly matched
for body weight and maximal running capacity (n = 5);
HCR (control), HCR-R (runner), LCR (control) and LCR-R
(runner; Figure 1, Set 1). Control rats lived in a standard cage
conditions and runners had an access to running wheels that
were connected to a computerized recording system to follow
the running distance throughout intervention. During this 1-year
intervention the rats were housed one per cage. The follow-up
measurements were performed at the age of 21 months.
Voluntary Running Distance, Body Weight, and
Energy Intake
Voluntary running distance in the running wheels was followed
throughout the 1-year intervention with a self-constructed
FIGURE 1 | Schematic representation of the study protocol. There were two sets of rats with the same 1-year intervention with 4 sub-groups: HCR (control),
HCR-R (runner), LCR (control), and LCR-R (runner). For set1 (20 rats) glucose tolerance and placebo tests were performed before the intervention (age 9 months) and
after the intervention (age 21 months). From set 2 (60 rats) gastrocnemius muscle and brown fat samples were collected from the same time points.
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computerized recording system (Acer Verinton 6900Pro, 32 bit
processor produced by Intel,Windows XP). Total wheel laps were
recorded continuously, and the total running distance per day
was determined by multiplying the number of wheel rotations by
the circumference of the running wheel (Ø 34.5 cm). From daily
running distances an average daily running distance for every
2-week period was calculated. Body weight and energy intake
of the rats were followed throughout the 1-year intervention
by weighing the rats and consumed feed every second week.
Energy intake was calculated as 2 week feed consumption
from the energy content informed by the manufacturer
(Labfor).
Body Temperature: Before and After Intervention
Measurements
To study the effects of rat line, aging and voluntary running
before and after 1-year voluntary running intervention,
body temperature was measured similarly to the baseline
measurements described above. Measurements were done after
5 h of fasting from the same rats as used for the intervention
(n= 5/group). The average of the fasting (F) point measurements
from each rat from glucose tolerance and placebo tests were used
for the statistical analyses.
Glucose Tolerance and Placebo Tests
The glucose tolerance and placebo tests were performed twice,
first at the age of 9 months and second time at the age of 21
months (Figure 1). Tests were done in two parallel sets in each
day, between 9.30 a.m. and 3.30 p.m. Rats from different groups
were randomized to treatment sets to account the possible effect
of circadian rhythm on blood glucose level. Two animals were
excluded from the follow-up measurement of old rats due to
aging symptoms, leaving the following group sizes for second
measurements; HCR (n = 4), HCR-R (n = 5), LCR (n = 4)
and LCR-R (n = 5). Rats were deprived of food for 5 h before
measurements. The running wheels of the runner rats were
blocked 5 h before the measurements disabling the movement
of the wheel to avoid the possible acute effects of running on
the measurements. Body weight was measured before each test.
At the time point 0 either 2 g/kg of glucose (20% solution)
or equal volume of placebo (physiological saline solution) was
injected into the peritoneal cavity. Rectal temperature (Fluke
52 k/J Thermometer) and blood glucose were measured at
time points 0, 30, 60, and 120 min after the injection. Blood
samples for further analyses were collected from saphenous
vein before starting the glucose/placebo protocol (fasting
sample).
Heat accumulation
Rectal temperature was measured at time points 0, 30, 60,
and 120 min after the injection. To compare the changes in
temperature during placebo and glucose tolerance tests the area
under curve (AUC) values of rectal temperature were calculated
from each group during both tests between time points 0–120
min normalized with 0 min level. AUC values were used for the
statistical analyses of the effect of rat line, running and treatment
on heat accumulation.
Spontaneous activity
Spontaneous activity of the rats was followed throughout the
glucose tolerance and placebo tests with ground reaction force
recording as described before (Silvennoinen et al., 2014). The
rat cages were placed on top of individual ground reaction force
plates 30 min before the start of the experiments and removed
from the plate after the last blood glucose measurement. The
absolute values of the differences between consecutive force
values were calculated. The mean of the absolute values were
calculated from every second from total 20 values per second.
To obtain activity index, a single value for total spontaneous
activity, the one second means were summed for the total
measurement time and the sum was divided by the body mass
(kg) of the measured rat (Biesiadecki et al., 1999; Silvennoinen
et al., 2014). The data used in statistical analyses were presented
as 30 min averages. The total spontaneous activity was also
calculated during the tests as a sum of activity index from the
whole test period.
Blood glucose concentration
Blood glucose was measured at time points 0, 30, 60, and 120 min
after the injection (HemoCue Glucose 201 RT). AUC normalized
with 0min concentration from the placebo and glucose tests were
used for the statistical analyses of the effect of rat line, running
and treatment on blood glucose concentration.
Phase of estrous cycle
Phase of estrous cycle was followed 1 week during the glucose
tolerance and placebo measurements after the intervention (age
21 months). Estrous cycle samples were collected as epithelium
samples with physiological saline solution from vagina to
a pipette, stained with methylene blue (Giemsas azur-eosin;
methylenblaulösung, Merck 9204) and observed under a light
microscope. Each sample was categorized to one of the four
menstrual cycle states: proestrus, estrus, diestrus, or metestrus.
Tissue Processing
Gastrocnemius muscle (n = 10/group) and BAT (n = 5/group)
samples were collected from the Set 2 rats (Figure 1). The
snap frozen samples were homogenized in liquid nitrogen
and dissolved in ice-cold buffer (20mM HEPES (pH
7.4), 1mM EDTA, 5mM EGTA, 10mM MgCl2, 100mM,
β-glycerophosphate, 1mM Na3VO4, 2mM DTT, 1% NP-40,
0.2% sodium deoxycholate, and 3% protease and phosphatase
inhibitor coctail (P 78443; Pierce, Rockford, IL). The muscle
homogenate was thereafter centrifuged at 10 000 g for 10
min at 4◦C. Total protein content was determined using
the bicinchoninic acid protein assay (Pierce Biotechnology,
Rockford, IL) with an automated KoneLab instrument (Thermo
Scientific, Vantaa, Finland).
Citrate synthase activity
Citrate synthase activity (U•µg−1•min−1) in the gastrocnemius
muscle (n = 10/group) was measured from the same muscle
homogenates that were used to determine the total protein
content (Citrate Synthase Assay Kit Sigma-Aldrich) with an
automated KoneLab instrument (Thermo Scientific).
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Western blot analyses
Aliquots of muscle homogenate were solubilized in Laemmli
sample buffer and heated at 95◦C to denaturate proteins, except
for Total OXPHOS Cocktail, when samples were heated at
50◦C. Thereafter, samples containing 30 µg of total protein
were separated by SDS-PAGE for 60 to 90 min at 200 V
using 4–20% gradient gels on Criterion electrophoresis cell (Bio-
Rad Laboratories, Richmond, CA). Proteins were transferred
to PVDF membranes at 300 mA constant current for 2 h on
ice at 4◦C. The homogeneity of protein loading was checked
by staining the membrane with Ponceau S. Membranes were
blocked in TBS with 0.1% Tween 20 (TBS-T) containing 5%
non-fat dry milk for 2 h and then incubated overnight at 4◦C
with commercially available polyclonal primary phosphospecific
antibodies to measure the following protein contents with stated
dilutions: GAPDH (1:10000; ab9485, Abcam), tubulin (1:1500;
T6199, Sigma), PGC-1α (1:4000; 516557, Calbiochem), cyt c
(1:500; sc-8385, Santa Cruz biotechnology, Inc.), UCP2 (1:300;
ab67241 Abcam), UCP3 (1:3000; ab3477 Abcam), and Total
OXPHOSCocktail (1:1000; ab110413; Abcam). All the antibodies
were diluted in TBS-T containing 2.5% non-fat dry milk.
BAT samples were treated as above and prepared forWestern-
blot analyses for PGC-1α, cyt c, UCP1 (1:4000; ab10983, Abcam),
UCP2, and UCP3.
After the primary antibody incubation membranes were
washed in TBS-T, incubated with suitable secondary antibody
diluted in TBS-T with 2.5% milk for 1 h followed by washing
in TBS-T. Proteins were visualized by ECL according to the
manufacturer’s protocol (SuperSignal West femto maximum
sensitivity substrate, Pierce Biotechnology) and quantified using
ChemiDoc XRS in combination with Quantity One software
(version 4.6.3. Bio-Rad Laboratories). The UCP3 and pACC
membranes described above were incubated in Restore Western
blot stripping buffer (Pierce Biotechnology) for 30 min and
reprobed with GAPDH or total-ACC antibodies by immunoblot
analysis as described above. Results from gastrocnemius muscle
were normalized to the corresponding level of GAPDH (PGC-
1α, cyt c and UCP3), tubulin (UCP2, total-ACC and pACC), or
PonceauS stained actin band (OXPHOS Cocktail). All proteins
from BAT samples were normalized to corresponding level of
tubulin.
Serum Cortisol Concentration
Cortisol concentration was measured from frozen (−80◦C)
serum samples by a kinetic photometric method with KoneLab
(Thermo Scientific).
Ethics Statement
This study was approved by the National Animal Experiment
Board, Finland (Permit number ESAVI-2010-07989/Ym-23).
Statistical Analyses
All values in figures are expressed as mean ± standard error of
the mean (SEM). Statistical analyses for variables were carried
out using SPSS for Windows 22 statistical software (version
22, IBM SPSS Statistics) and in Mplus 7. The Shapiro-Wilk
test was used to investigate within group normality for a given
parameter of interest. Levene’s test was conducted to assess the
homogeneity of variance assumption. Univariate analysis was
done to analyze the line, age, running and treatment effects to
the measured parameters with Tukey Post-hoc test. Body surface
temperatures were analyzed using T-test. When the normality
or equality of variance assumptions were not met, statistical
comparisons of parameters between LCR and HCR groups were
made usingMann–Whitney test. The comparison between before
and after intervention parameters within the same group were
done using Wilcoxon test. Mixed model analysis controlled for
age, running (yes/no), treatment (placebo/glucose), time point
(F, 0, 30, 60, and 120 min), and spontaneous activity, was used
to determine the effect of line (HCR or LCR) on the measured
body temperature levels. Separate analysis for both rat lines of
the effect of running, treatment, time point, and spontaneous
activity on rectal temperature were performed using 4 × 5
longitudinal covariance structure analyses in Mplus 7 for both
glucose tolerance and placebo tests. P-values less than 0.05 were
considered statistically significant.
RESULTS
Baseline Measurements
Body Temperature
HCRs had on average 1.3◦C higher body temperature after 2 h of
fasting compared to LCRs (p < 0.001; Figure 2A).
Surface Temperature from Back and Tail
HCRs had higher surface temperature from tail compared to
LCRs (p < 0.01; Figures 2B,C). There was no difference in the
surface temperatures measured from the back (Figures 2B,C).
Intervention Measurements
Before and After 1-Year Running Intervention
Measurements
Univariate analysis showed a significant line effect on body
temperature both before and after intervention (p < 0.050),
with HCRs having higher body temperature compared to LCRs
(Figure 3). When only control groups (HCR vs. LCR) were
included in the analyses, the line effect after intervention
diminished. Aging did not have a marked impact on body
temperature, whereas running had a significant effect after
intervention (p < 0.050) showing an increase in the body
temperature levels in both rat lines (p < 0.050, Figure 3).
Also combined effect of line and running was significant after
intervention (p < 0.050). Post-hoc test showed that after the
intervention, HCRs in the runner group had higher body
temperature compared to the corresponding controls (p <
0.010), whereas there was no difference between the LCR groups
(Figure 3).
Voluntary Running Distance, Body Mass, and Energy
Intake
HCRs ran voluntarily more than LCRs, the difference being
significant at time points 10, 10.5, 12.5, and 21 months of age
(p < 0.05; Figure 4A). When comparing the body weight, LCR
rats in both groups were heavier than HCR rats during the whole
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FIGURE 2 | Baseline measurements. (A) Baseline measurement of body
temperature. n = 10/group, ***p < 0.001. (B) Baseline measurement of body
surface temperature from tail and back. n = 9–12/group, **p < 0.010. Values
are expressed as mean ± SEM. (C) Infrared image of HCR and LCR rat.
follow-up period (p < 0.05; Figure 4B). There was no statistical
difference within the rat lines. LCRs in the control groups
had higher food intake compared to corresponding HCRs, the
difference being significant at time points 15 and 19.5 months
of age (p < 0.05). Both runner groups consumed more energy
compared to the corresponding control groups (Figure 4C), but
only in HCR line this difference was significant (HCR vs. HCR-
R, p < 0.05).
Glucose Tolerance and Placebo Tests
Heat accumulation
Before the intervention, heat accumulation was positive when
normalized to 0-value during placebo and negative during
FIGURE 3 | Before and after intervention measurements of body
temperature. Before and after intervention measurements of body
temperature. n = 4–5/group, **p < 0.010 post-hoc test between HCR and
HCR-R. Univariate analysis of rat line and running effect before and after
1-year intervention. Values are expressed as mean ± SEM.
glucose test, and LCR control group had the largest negative
response to glucose injection (Figure 5A). Univariate analysis
showed an effect of treatment on heat accumulation (p <
0.001, Figure 5A). After the intervention treatment still had a
significant effect on heat accumulation (p < 0.010, Figure 5B)
and the effect of line was nearly significant (p= 0.064). Responses
to both placebo and glucose injections in all groups were negative
after the intervention, with both LCR groups having greater
negative response to glucose injection compared to HCR groups
(Figure 5B).
Spontaneous activity
Total activity during the test protocols are presented in
Figures 5C,D. Univariate analysis revealed that HCRs had higher
total activity during placebo and glucose tolerance tests both
before and after the 1-year voluntary running intervention
compared to LCRs (line effect p < 0.001, Figures 5C,D).
Blood glucose concentration
Before the intervention the blood glucose AUC value in
all groups was negative during placebo test and positive
during glucose tolerance test (Figure 5E). Univariate analysis
showed significant treatment effects both before and after the
intervention (p < 0.050, Figures 5E,F). Post-hoc test further
revealed that LCRs in the control group had higher blood
glucose AUC concentration compared to the corresponding
runners both before and after the intervention (p < 0.050),
whereas there was no statistical difference between the
HCR groups.
Serum Cortisol Concentration
HCRs had higher cortisol concentration compared to LCRs both
before and after intervention (line effect, p < 0.001, Figure 6).
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FIGURE 4 | Voluntary running distance, Body mass and Food intake during 1-year intervention. (A) Voluntary running distance (m/day). HCRs had longer
voluntary running distance than LCRs, the difference being significant at time points 10, 10.5, 12.5, and 21 months of age, *p < 0.050, **p < 0.010. (B) Body
mass (g). LCR rats in both groups were heavier compared to HCR rat groups during the follow-up period (*p < 0.050). In LCRs the rats in the runner group were
(Continued)
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FIGURE 4 | Continued
leaner than control ones, whereas the opposite was true for HCRs. There were no statistical differences within the rat lines. (C) Food intake (kcal). LCRs in the control
groups had higher food intake compared to corresponding HCRs, the difference was significant at time points 15 and 19.5 months of age (p < 0.050). Runner groups
of both rat lines consumed more energy compared to the corresponding control groups, but only in HCR line this difference was significant (HCR vs. HCR-R, p <
0.050). n = 4–5/group, values are expressed as mean ± SEM.
Western-Blot Analyses
Gastrocnemius Muscle
Univariate analysis showed a significant line effect in UCP2 and
OXPHOS (p < 0.050) with HCRs having higher protein levels
compared to LCRs (Figure 7). HCRs had also higher PGC-1α and
cyt c protein levels than LCRs (p < 0.050, reported previously;
Figure 7). Aging also increased the level of PGC-1α (p < 0.050)
and there was a tendency in increase of cyt c level with aging (p=
0.087; reported previously). There were no statistical differences
in the other studied protein contents.
BAT
Line, running or aging had no significant effect on BAT protein
contents (data not shown).
Citrate Synthase Activity
HCRs had higher citrate synthase activity compared to LCRs
(line effect p < 0.05, reported previously). The activity levels were
following: Before intervention: HCR 2939 ± 679, LCR 2767 ±
866 and after intervention: HCR 3267 ± 1081, HCR-R 3554 ±
835, LCR 2863± 917 and LCR-R 3545± 1328 (U•µg−1•min−1,
mean± SD). Aging or voluntary running had no significant effect
on citrate synthase activity.
Body Mass and Relative Gastrocnemius
Muscle and Bat Masses
Body and relative masses of gastrocnemius muscle and BAT
are listed in Table 1. Before the intervention, HCRs had lower
body mass and higher relative gastrocnemius muscle mass
compared to LCRs (line effect p < 0.001). Aging had a significant
effect in both body mass and relative gastrocnemius muscle
mass (p < 0.050); before the intervention HCRs had higher
relative gastrocnemius muscle mass compared to HCRs after the
intervention, while LCRs before intervention had higher relative
gastrocnemius mass compared to both LCR and LCR-R after
intervention. Line, running or age had no significant effect on
relative BAT mass.
Estrous Cycle
There were no statistical differences between the groups in the
observed stages of estrous cycle during glucose tolerance and
placebo tests (Table 2).
Mixed Model and Longitudinal Covariance
Structure Analysis of Body Temperature
Mixedmodel analyses from interventionmeasurements revealed,
that rat line had clear impact on body temperature both
before and after intervention (p < 0.01, Table 3). Longitudinal
covariance analysis showed that before the 1-year voluntary
running intervention the spontaneous activity level and protocol
time point (F, 0, 30, 60, or 120 min) had the largest effect on
body temperature of HCRs (p < 0.05, Table 3), whereas in LCRs,
treatment (placebo/glucose injection) and spontaneous activity
had highest impact on body temperature (p < 0.001). After
the intervention both running and spontaneous activity had a
significant contribution to the body temperature levels of HCRs
(p< 0.05). In LCRs treatment and time point had marked impact
on body temperature after the intervention (p < 0.05).
DISCUSSION
In the present study we examined the association of intrinsic
aerobic capacity, aging, voluntary running and blood glucose
concentration on body temperature in two genetically
contrasting rat lines (HCR/LCR) that widely differ for their
intrinsic (i.e., non-trained) aerobic capacity (Koch and Britton,
2001). Our findings show that at young age, in untrained state,
HCRs have higher body temperature than LCRs. We also found
that voluntary running aided HCRs to maintain high body
temperature during aging. Glucose injection lowered the body
temperature of LCRs, whereas no significant effect of blood
glucose on body temperature was found in HCRs.
As hypothesized, our study showed that untrained HCRs had
on average 1.3◦C higher body temperature than corresponding
LCRs (Figure 2A). There was also an apparent rat line effect
when measuring the baseline body temperatures before 1-year
voluntary running intervention (Figure 2B). Since normal body
temperature range in rats is 35.9–37.5◦C (Animal care and
use committee, John Hopkins University, Baltimore, Maryland,
USA), HCRs seem to have slightly elevated body temperature
compared to reference values. Previous findings have shown that
female HCRs have higher muscle heat dissipation during activity,
explaining their higher total energy expenditure compared to
LCRs (Gavini et al., 2014). However, in that study critical
factor was activity related thermogenesis, whereas no significant
contribution of resting metabolic rate was found when body
size and composition were considered (Gavini et al., 2014).
As shown in previous study by Novak et al. and here, HCRs
are spontaneously more active than LCRs (Figures 5C,D) and
activity level also contributed to body temperature level (Table 3),
making spontaneous activity a potential cause for the higher
thermogenesis of HCRs (Novak et al., 2010). However, the total
activity of the rats was very similar during both placebo and
glucose tolerance test showing no effect of treatment on activity
level (Figures 5C,D). Yet there was a clear difference in the
heat accumulation between the two protocols (Figures 4A,B),
indicating that the higher heat accumulation of HCRs is not
solely explained by their PA level. Although the back surface
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FIGURE 5 | Heat accumalation (AUC rectal temperature), total activity and blood glucose concentration (AUC) during placebo and glucose tolerance
tests. (A,B) AUC Rectal temperature. Before the 1-year intervention treatment had a significant effect on heat accumulation (p < 0.001), with glucose injection
lowering the heat accumulation. After the intervention treatment was still significant (p < 0.010) and line effect was nearly significant (p = 0.064). (C,D) Total activity.
HCRs had higher total activity compared to LCRs both before and after 1-year intervention (line effect p < 0.001). (E,F) AUC Glucose concentration. Treatment had a
significant contribution to blood glucose AUC concentration both before and after intervention (p < 0.001), with glucose injection increasing blood glucose AUC.
Post-hoc test revealed that LCRs controls had higher blood glucose AUC compared to the corresponding runners both before and after the intervention (*p < 0.050).
Univariate analysis of effects of rat line, treatment (glucose/placebo injection) and voluntary running on studied parameters. n = 4–5/group, values are expressed as
mean ± SEM.
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FIGURE 6 | Cortisol. HCRs had higher cortisol concentrations compared to
LCRs both before and after intervention (line effect p < 0.001). Serum analyses
were done from the fasting blood samples collected before and after
intervention. n = 4–5/group, values are expressed as mean ± SEM.
temperatures of HCRs and LCRs did not differ, HCRs had
significantly higher tail surface temperature (Figures 2B,C).
Since rats use their tail blood circulation for thermoregulation
(Raman et al., 1983), HCRs seem to dissipate more heat
suggesting that HCRs also have higher thermogenesis than LCRs.
This is also supported by our previous results showing that HCRs
have higher resting metabolic rate than LCRs (Kivelä et al., 2010).
In the present study HCRs had higher UCP2, PGC-1α, cyt
c, and OXPHOS levels compared to LCRs, showing a greater
oxidative phosphorylation capacity (Figure 7). Interestingly, a
previous study has shown that overexpression of PGC-1α in
skeletal muscle leads to elevated proton leak i.e., less efficient
mitochondrial respiration (St-Pierre et al., 2003). Since HCRs
have more OXPHOS proteins and higher UCP2 and PGC-1α
levels in skeletal muscle, it may be speculated that the higher
proton leakage may also be one reason for HCRs higher heat
production. On the other hand, several animal models have
demonstrated that rodents with inherited obesity have low body
temperatures (Trayhurn et al., 1977; Levin et al., 1981; Dubuc
et al., 1985). Here we show for the first time, that similarly
to inherited obesity, LCRs have lower body temperature than
HCRs, and are prone to gain excess weight and developmetabolic
disorders (Koch and Britton, 2005; Noland et al., 2007; Kivelä
et al., 2010).
Contrary to our second hypothesis, aging per-se had no
significant effect on body temperature (Figure 3). This is in line
with a previous study, where aging did not have an impact on
rectal temperatures (3–24 months old), until in later age (36
months; Horan et al., 1988; McDonald et al., 1989). However,
aging increased the level of PGC-1α and had a tendency to
increase cyt c level (Figure 7), not showing expected aging
related decrease of mitochondrial function and content as shown
previously (Conley et al., 2000; Huang and Hood, 2009; Johnson
et al., 2013). Despite these unexpected findings from muscle
tissue level, aging did diminish the difference in the body
temperature between the rat lines when comparing only the
control groups (HCR vs. LCR, Figure 2B). This was due to
decrease in body temperature of HCRs; aging did not have
a marked impact on the body temperature of LCRs. For an
unknown reason, HCRs seem to lose their ability to keep up high
heat generation with aging at control conditions (e.g., no running
wheel). Our results revealed that aging significantly diminished
the relative gastrocnemius muscle mass in HCRs (Table 1), which
may partly contribute to the aging related lower heat generation.
As we hypothesized, 1-year voluntary running did increase the
body temperature in both rat lines showing a significant running
effect (Figure 3). Further analyses showed that running had a
significant impact on the body temperature of HCRs (Table 3),
which is consistent with their running distances compared to
LCRs (Figure 4A). It has been established in previous studies,
that endurance training increases PGC-1α and cyt c levels as
well as mitochondrial content and respiratory capacity in skeletal
muscle in both humans and rodents (Holloszy and Coyle, 1984;
Booth, 1991; Baar et al., 2002; Pilegaard et al., 2003). Surprisingly,
voluntary running had no significant effect on the mitochondrial
proteins in the present study. It seems that in gastrocnemius
muscle, there was no pressure to increase the mitochondrial
proteins at time point chosen (age of 21 months). PGC-1α is
known to respond to exercise acutely (Baar et al., 2002). Like in
other studies, also in our study the running distance decreased
gradually over time (Holloszy, 1993; Judge et al., 2005), also
the pressure for change decreased (Figure 4A). Contrary to the
increased body temperature by voluntary running established
in our study, in previous studies endurance training has been
associated with decreased mRNA expression of the uncoupling
proteins in skeletal muscle and reduced thermogenesis in BAT
(Nozu et al., 1992; Boss et al., 1998).
It is worth noting that lifespan is generally negatively
correlated with body temperature (Rikke and Johnson, 2004).
Several life-extending manipulations in rodents, such as caloric
restriction, have shown to decrease body temperature by
1–5◦C (Rikke and Johnson, 2004). Furthermore, a modest
prolonged reduction of core body temperature (0.3–0.5◦C)
increased median life expectancy in mice 12–20% even without
caloric restriction (Conti et al., 2006). Nonetheless, in the
HCR/LCR animal model, HCRs have higher body temperature
associated with longer lifespan than LCRs (Koch et al.,
2012; Karvinen et al., 2015). The free radical hypothesis
of aging includes ‘uncoupling to survive’ hypothesis, which
suggests that correlation between metabolic rate and longevity
should be positive (Brand, 2000). In a previous study, it
was estimated that mitochondrial proton cycling causes up to
20–25% of basal metabolic rate in rats (Rolfe et al., 1999).
It was suggested that the function of the energy-dissipating
proton leak is not primarily to increase thermogenesis, but
to decrease the production of reactive oxygen species. Indeed,
proton leak is proposed to be a key factor in aiding to
decrease oxidative damage to DNA and to slow down aging
(Brand, 2000; Speakman et al., 2004). It seems that HCRs
are good candidates supporting the ‘uncoupling to survive’
hypothesis since their higher OXPHOS, PGC-1α, and UCP2
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FIGURE 7 | Western blot analyses from gastrocnemius muscle. HCRs had higher UCP2, PGC-1α, cyt c, and OXPHOS protein levels (line effect p < 0.050).
Aging increased the level of PGC-1α (p < 0.050) and there was a tendency in increase of cyt c level with aging (p = 0.087). n = 9–10/group, values are expressed as
mean ± SEM.
TABLE 1 | Background information for Western blot analyses.
Body mass (g) Gastrocnemius/Body
mass (mg/g)
Brown fat/Body
mass (mg/g)
HCR_young 232±30 5.32± 0.65
HCR_old 260±36 4.57± 0.58 1.33± 0.22
HCR-R old 268±34 4.78± 0.49 1.23± 0.27
LCR_young 302±26 4.73± 0.43
LCR_old 320±37 4.21± 0.45 1.02± 0.36
LCR-R_old 345±48 4.00± 0.59 1.16± 0.26
p Line < 0.001*** Line < 0.001***
Age < 0.050* Age < 0.001***
Body and relative tissue masses (tissue mass/body mass) of the rats used for western
blot analyses. n = 10/group, values are expressed as mean ± SD.
levels combined with higher body temperature and longer
lifespan compared to LCRs (Koch et al., 2012; Karvinen et al.,
2015).
Previous studies have also shown that core body temperature
declines with age both in rodents and in humans (Roth et al.,
2002; Sanchez-Alavez et al., 2011; Waalen and Buxbaum, 2011),
which has raised speculation of possible anti-aging effects of low
body temperature. In our studies, HCRs in the control group
had lower body temperature at the age of 21 months than HCR-
Rs, and our previous study reported that HCRs in control group
had also longer lifespan (Karvinen et al., 2015). According to our
results it can be speculated that voluntary running may interfere
with a natural aging-related reduction in body temperature of
HCRs, possibly contributing to a decrease in lifespan. However, it
remains controversial whether high body temperature and high
rate of metabolism are beneficial to health and longevity, and
more studies are needed to investigate the role of metabolic rate
on aging and longevity.
Our final hypothesis was that glucose injection would
increase the body temperature especially in HCRs, increasing
heat generation in BAT. Our results revealed, that especially
in LCRs, heat accumulation was lower after glucose tolerance
test compared to placebo test (Figures 5A,B). Longitudinal
covariance analysis further revealed that treatment was
a significant contributor to temperature level in LCRs
both before and after intervention (Table 3). It may be
speculated, that in LCRs glucose injection activates energy
storage mechanisms that decrease their metabolic rate shortly
after energy supplementation (Ravussin and Gautier, 1999;
Almind and Kahn, 2004; Landsberg et al., 2009; Heikens
et al., 2011). However, it should be noticed that there was a
difference in the blood glucose AUC level between the LCR
groups already before the 1-year running intervention started
(Figure 5C), which is most likely due to large variation in the
response to glucose dose due to small group size. After the
intervention rats in the running groups had a lower response
to glucose; however, again the post-hoc tests revealed that
the difference was only significant between the LCR groups
(Figure 5E).
In addition to aging and voluntary running, other potential
factors may affect the body temperature in our setup, e.g.,
handling of the animal and estrous cycle. Handling is known to
have a stress effect on rats and it can cause a series of behavioral
and physiological responses, such as flight response, freezing
response, increase in heart rate, urination and increase in plasma
glucocorticoid levels (Rodgers et al., 1997; Blanchard et al., 2001).
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TABLE 2 | Stage of estrous cycle.
N HCR HCR-R LCR LCR-R
Placebo Glucose Placebo Glucose Placebo Glucose Placebo Glucose
STAGE OF ESTROUS CYCLE
Proestrus 1 1 0 0 1 1 1 2
Estrus 0 0 0 3 1 2 1 2
Metestrus 2 1 2 1 1 1 2 1
Diestrus 1 2 3 1 1 0 1 0
Estimated stage of estrous during the second (age 21 months) glucose tolerance and placebo tests. Numbers are n of animals that are in the presented stage of estrous cycle. There
were no statistical differences between the groups.
TABLE 3 | Body temperature during test protocols: effect of measured
parameters.
Factor p
Before intervention Line < 0.000***
HCR Running 0.510
Treatment 0.067
Time point 0.036*
Spontaneous activity 0.037*
LCR Running 0.955
Treatment < 0.001***
Time point 0.402
Spontaneous activity < 0.001***
After intervention Line < 0.010**
HCR Running < 0.001***
Treatment 0.815
Time point 0.387
Spontaneous activity 0.014*
LCR Running 0.330
Treatment 0.013*
Time point 0.010*
Spontaneous activity 0.370
Mixed model and longitudinal covariance structure analysis of how measured parameters
affect absolute body temperature levels during placebo and glucose tolerance tests.
Parameters: running (yes/no), treatment (glucose/placebo injection), time point (F, 0, 30,
60, or 120 min), and spontaneous activity before and after voluntary running intervention.
n = 4–5 /group. *p < 0.050, **p < 0.010, ***p < 0.001.
It is known that HCRs have stronger response to stress, and this
can be observed also in elevated corticosterone level in blood
in HCRs compared to LCRs (Waters et al., 2010). Similarly in
our study HCRs had higher cortisol concentration compared to
LCRs the (Figure 6). This stronger response to stress can also be
one reason for the higher body temperature of HCRs (Vachon
and Moreau, 2001). Estrous cycle affects the body temperature in
female rats; it increases during proestrus, and drops during estrus
(Marrone et al., 1976; Kent et al., 1991). In our study the stage of
estrous cycle was estimated during the follow-up measurements.
Rats were randomly in one of the four estrous phases, and no
significant differences in the estrous cycle stages between the rat
lines were observed (Table 2).
To conclude, HCRs have higher basal body temperature than
LCRs at untrained state at young age. Voluntary running aids
older HCRs to maintain body temperature at similar levels
as untrained, younger HCRs. The elevated body temperature
itself may partly cause the heightened oxidative metabolism in
HCRs, as enzyme-catalyzed reactions are enhanced in higher
temperatures (Landsberg et al., 2009). However, voluntary
running may interfere with a natural aging-related reduction in
body temperature of HCRs, possibly contributing to a decrease
in lifespan (Karvinen et al., 2015). On the other hand it is
proposed that low body temperature is one reason for the onset
of obesity in humans (Landsberg et al., 2009). Yet it remains
controversial whether high body temperature and high rate of
metabolism are beneficial to health and longevity. However,
since there is clear evidence of obese animals having low body
temperatures (Trayhurn et al., 1977; Levin et al., 1981; Dubuc
et al., 1985), it would be worth studying the potential role of
intrinsically low body temperature at the onset of obesity in
humans.
AUTHOR CONTRIBUTIONS
HK, MS, and SK designed the study. HK led the animal
experiment and SK performed the animal experiment
and analyzed the data. HM, MS, SK, and RT collected
the tissue samples. TR and MS built up the spontaneous
activity measurement system. TT and SL assisted with
the statistical analysis and interpretation of the data. SK,
HK, and MS drafted the manuscript. SB and LK bred and
phenotyped the animals. All authors contributed to the revision
of the manuscript and approved the final version of the
manuscript.
FUNDING
This study was funded by the Finnish Ministry of Education
and Culture, National Doctoral Programme of Musculoskeletal
Disorders and Biomaterials (TBDP) and Eemil Aaltonen
foundation. The LCR-HCR rat model system was funded
by the Office of Research Infrastructure Programs/OD grant
P40OD021331 (to LK and SB) from the National Institutes of
Health.
Frontiers in Physiology | www.frontiersin.org 12 July 2016 | Volume 7 | Article 311
Karvinen et al. Aerobic Capacity and Body Temperature
ACKNOWLEDGMENTS
We thank Eliisa Kiukkanen and Laura Pitkänen (University of
Jyväskylä, Finland) for the excellent animal care. We are deeply
grateful to Mervi Matero for her help during the measurements
and dedication to the wellbeing of the animals. We are grateful
to Leena Tulla for her crucial help in collecting and organizing
the samples. We also want to thank Risto Puurtinen and Aila
Ollikainen for their help in blood analyses and Maria Mikkonen
for her skillful help in the first glucose tolerance and placebo
tests. We are grateful to Juha Hulmi for his excellent guidance
in making the muscle homogenates and running the Western
blots, and Aino Poikonen and Juho Hyödynmaa for their help
in the Western blot analyses. We acknowledge the expert care of
the rat colony provided by Molly Kalahar and Lori Heckenkamp.
Contact LK (lgkoch@umich.edu) or SB (brittons@umich.edu) for
information on the LCR and HCR rats: these rat models are
maintained as an international resource with support from the
Department of Anesthesiology at the University of Michigan,
Ann Arbor, Michigan.
REFERENCES
Almind, K., and Kahn, C. R. (2004). Genetic determinants of energy expenditure
and insulin resistance in diet-induced obesity in mice. Diabetes 53, 3274–3285.
doi: 10.2337/diabetes.53.12.3274
Baar, K., Wende, A. R., Jones, T. E., Marison, M., Nolte, L. A., Chen, M.,
et al. (2002). Adaptations of skeletal muscle to exercise: rapid increase in the
transcriptional coactivator PGC-1. FASEB J. 16, 1879–1886. doi: 10.1096/fj.02-
0367com
Biesiadecki, B. J., Brand, P. H., Koch, L. G., and Britton, S. L. (1999). A gravimetric
method for the measurement of total spontaneous activity in rats. Proc. Soc.
Exp. Biol. Med. 222, 65–69. doi: 10.1111/j.1525-1373.1999.09996.x
Blanchard, D. C., Griebel, G., and Blanchard, R. J. (2001). Mouse defensive
behaviors: pharmacological and behavioral assays for anxiety and panic.
Neurosci. Biobehav. Rev. 25, 205–218. doi: 10.1016/S0149-7634(01)00009-4
Booth, F. W. (1991). Cytochrome c protein synthesis rate in rat skeletal muscle. J.
Appl. Physiol. 71, 1225–1230.
Boss, O., Samec, S., Desplanches, D., Mayet, M. H., Seydoux, J., Muzzin, P.,
et al. (1998). Effect of endurance training on mRNA expression of uncoupling
proteins 1, 2, and 3 in the rat. FASEB J. 12, 335–339.
Boss, O., Samec, S., Paoloni-Giacobino, A., Rossier, C., Dulloo, A., Seydoux,
J., et al. (1997). Uncoupling protein-3: a new member of the mitochondrial
carrier family with tissue-specific expression. FEBS Lett. 408, 39–42. doi:
10.1016/S0014-5793(97)00384-0
Brand,M. D. (2000). Uncoupling to survive? The role of mitochondrial inefficiency
in ageing. Exp. Gerontol. 35, 811–820. doi: 10.1016/S0531-5565(00)00135-2
Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function
and physiological significance. Physiol. Rev. 84, 277–359. doi:
10.1152/physrev.00015.2003
Choi, C. S., Fillmore, J. J., Kim, J. K., Liu, Z. X., Kim, S., Collier, E. F., et al.
(2007). Overexpression of uncoupling protein 3 in skeletal muscle protects
against fat-induced insulin resistance. J. Clin. Invest. 117, 1995–2003. doi:
10.1172/JCI13579
Clapham, J. C., Arch, J. R., Chapman, H., Haynes, A., Lister, C., Moore, G. B., et al.
(2000). Mice overexpressing human uncoupling protein-3 in skeletal muscle
are hyperphagic and lean. Nature 406, 415–418. doi: 10.1038/35019082
Conley, K. E., Jubrias, S. A., and Esselman, P. C. (2000). Oxidative capacity and
ageing in human muscle. J. Physiol. 526(Pt 1), 203–210. doi: 10.1111/j.1469-
7793.2000.t01-1-00203.x
Conti, B., Sanchez-Alavez, M., Winsky-Sommerer, R., Morale, M. C., Lucero,
J., Brownell, S., et al. (2006). Transgenic mice with a reduced core
body temperature have an increased life span. Science 314, 825–828. doi:
10.1126/science.1132191
Costford, S. R., Chaudhry, S. N., Crawford, S. A., Salkhordeh, M., and Harper,
M. E. (2008). Long-term high-fat feeding induces greater fat storage in mice
lacking UCP3. Am. J. Physiol. Endocrinol. Metab. 295, E1018–E1024. doi:
10.1152/ajpendo.00779.2007
Dubuc, P. U., Wilden, N. J., and Carlisle, H. J. (1985). Fed and fasting
thermoregulation in ob/ob mice. Ann. Nutr. Metab. 29, 358–365. doi:
10.1159/000176992
Freyssenet, D., Berthon, P., and Denis, C. (1996). Mitochondrial biogenesis in
skeletal muscle in response to endurance exercises. Arch. Physiol. Biochem. 104,
129–141. doi: 10.1076/apab.104.2.129.12878
Gavini, C. K., Mukherjee, S., Shukla, C., Britton, S. L., Koch, L. G., Shi, H.,
et al. (2014). Leanness and heightened nonresting energy expenditure: role of
skeletal muscle activity thermogenesis. Am. J. Physiol. Endocrinol. Metab. 306,
E635–E647. doi: 10.1152/ajpendo.00555.2013
Geiser, F. (1988). Reduction of metabolism during hibernation and daily torpor in
mammals and birds: temperature effect or physiological inhibition? J. Comp.
Physiol. 158, 25–37. doi: 10.1007/BF00692726
Gleeson, M. (1998). Temperature regulation during exercise. Int. J. Sports Med.
19(Suppl. 2), S96–S99. doi: 10.1055/s-2007-971967
Heikens, M. J., Gorbach, A. M., Eden, H. S., Savastano, D.M., Chen, K. Y., Skarulis,
M. C., et al. (2011). Core body temperature in obesity. Am. J. Clin. Nutr. 93,
963–967. doi: 10.3945/ajcn.110.006270
Holloszy, J. O. (1993). Exercise increases average longevity of female rats despite
increased food intake and no growth retardation. J. Gerontol. 48, B97–B100.
doi: 10.1093/geronj/48.3.b97
Holloszy, J. O. (2008). Regulation by exercise of skeletal muscle content of
mitochondria and GLUT4. J. Physiol. Pharmacol. 59(Suppl 7), 5–18.
Holloszy, J. O., and Coyle, E. F. (1984). Adaptations of skeletal muscle to endurance
exercise and their metabolic consequences. J. Appl. Physiol. 56, 831–838.
Horan, M. A., Little, R. A., Rothwell, N. J., and Stock, M. J. (1988). Changes
in body composition, brown adipose tissue activity and thermogenic capacity
in BN/BiRij rats undergoing senescence. Exp. Gerontol. 23, 455–461. doi:
10.1016/0531-5565(88)90057-5
Huang, J. H., and Hood, D. A. (2009). Age-associated mitochondrial dysfunction
in skeletal muscle: contributing factors and suggestions for long-term
interventions. IUBMB Life 61, 201–214. doi: 10.1002/iub.164
Huttemann, M., Pecina, P., Rainbolt, M., Sanderson, T. H., Kagan, V. E.,
Samavati, L., et al. (2011). The multiple functions of cytochrome c and
their regulation in life and death decisions of the mammalian cell: from
respiration to apoptosis.Mitochondrion 11, 369–381. doi: 10.1016/j.mito.2011.
01.010
Johnson, M. L., Robinson, M. M., and Nair, K. S. (2013). Skeletal muscle
aging and the mitochondrion. Trends Endocrinol. Metab. 24, 247–256. doi:
10.1016/j.tem.2012.12.003
Jones, T. E., Baar, K., Ojuka, E., Chen, M., and Holloszy, J. O. (2003). Exercise
induces an increase in muscle UCP3 as a component of the increase in
mitochondrial biogenesis. Am. J. Physiol. Endocrinol. Metab. 284, E96–E101.
doi: 10.1152/ajpendo.00316.2002
Judge, S., Jang, Y. M., Smith, A., Selman, C., Phillips, T., Speakman, J. R., et al.
(2005). Exercise by lifelong voluntary wheel running reduces subsarcolemmal
and interfibrillar mitochondrial hydrogen peroxide production in the heart.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 289, R1564–R1572. doi:
10.1152/ajpregu.00396.2005
Karvinen, S., Waller, K., Silvennoinen, M., Koch, L. G., Britton, S. L., Kaprio,
J., et al. (2015). Physical activity in adulthood: genes and mortality. Sci. Rep.
5:18259. doi: 10.1038/srep18259
Kent, S., Hurd, M., and Satinoff, E. (1991). Interactions between body temperature
and wheel running over the estrous cycle in rats. Physiol. Behav. 49, 1079–1084.
doi: 10.1016/0031-9384(91)90334-K
Kivelä, R., Silvennoinen, M., Lehti, M., Rinnankoski-Tuikka, R., Purhonen, T.,
Ketola, T., et al. (2010). Gene expression centroids that link with low intrinsic
aerobic exercise capacity and complex disease risk. FASEB J. 24, 4565–4574. doi:
10.1096/fj.10-157313
Frontiers in Physiology | www.frontiersin.org 13 July 2016 | Volume 7 | Article 311
Karvinen et al. Aerobic Capacity and Body Temperature
Koch, L. G., and Britton, S. L. (2001). Artificial selection for intrinsic aerobic
endurance running capacity in rats. Physiol. Genomics 5, 45–52.
Koch, L. G., and Britton, S. L. (2005). Divergent selection for aerobic capacity
in rats as a model for complex disease. Integr. Comp. Biol. 45, 405–415. doi:
10.1093/icb/45.3.405
Koch, L. G., Britton, S. L., and Wisloff, U. (2012). A rat model system to study
complex disease risks, fitness, aging, and longevity. Trends Cardiovasc. Med.
22, 29–34. doi: 10.1016/j.tcm.2012.06.007
Koch, L. G., Kemi, O. J., Qi, N., Leng, S. X., Bijma, P., Gilligan, L. J., et al. (2011).
Intrinsic aerobic capacity sets a divide for aging and longevity. Circ. Res. 109,
1162–1172. doi: 10.1161/CIRCRESAHA.111.253807
Kontani, Y., Wang, Z., Furuyama, T., Sato, Y., Mori, N., and Yamashita, H.
(2002). Effects of aging and denervation on the expression of uncoupling
proteins in slow- and fast-twitch muscles of rats. J. Biochem. 132, 309–315. doi:
10.1093/oxfordjournals.jbchem.a003225
Landsberg, L. (2012). Core temperature: a forgotten variable in energy
expenditure and obesity? Obes. Rev. 13(Suppl. 2), 97–104. doi: 10.1111/j.1467-
789X.2012.01040.x
Landsberg, L., Saville, M. E., and Young, J. B. (1984). Sympathoadrenal system and
regulation of thermogenesis. Am. J. Physiol. 247(2 Pt 1), E181–E189.
Landsberg, L., Young, J. B., Leonard, W. R., Linsenmeier, R. A., and Turek,
F. W. (2009). Is obesity associated with lower body temperatures? Core
temperature: a forgotten variable in energy balance. Metabolism 58, 871–876.
doi: 10.1016/j.metabol.2009.02.017
Levin, B. E., Comai, K., and Sullivan, A. C. (1981). Metabolic and sympatho-
adrenal abnormalities in the obese Zucker rat: effect of chronic
phenoxybenzamine treatment. Pharmacol. Biochem. Behav. 14, 517–525.
doi: 10.1016/0091-3057(81)90311-7
Levine, J. A., Eberhardt, N. L., and Jensen, M. D. (1999). Role of nonexercise
activity thermogenesis in resistance to fat gain in humans. Science 283, 212–214.
doi: 10.1126/science.283.5399.212
Lin, A. C., Liao, C. W., Lin, S. W., Huang, C. Y., Liou, C. J., and Lai, Y. S.
(2015). Canine heat shock protein 27 promotes proliferation, migration, and
doxorubicin resistance in the canine cell line DTK-F. Vet. J. 205, 254–262. doi:
10.1016/j.tvjl.2015.02.023
Marrone, B. L., Gentry, R. T., and Wade, G. N. (1976). Gonadal hormones
and body temperature in rats: effects of estrous cycles, castration and steroid
replacement. Physiol. Behav. 17, 419–425. doi: 10.1016/0031-9384(76)90101-3
McDonald, R. B., Stern, J. S., and Horwitz, B. A. (1989). Thermogenic responses of
younger and older rats to cold exposure: comparison of two strains. J. Gerontol.
44, B37–B42. doi: 10.1093/geronj/44.2.b37
Noland, R. C., Thyfault, J. P., Henes, S. T., Whitfield, B. R., Woodlief, T. L., Evans,
J. R., et al. (2007). Artificial selection for high-capacity endurance running
is protective against high-fat diet-induced insulin resistance. Am. J. Physiol.
Endocrinol. Metab. 293, E31–E41. doi: 10.1152/ajpendo.00500.2006
Novak, C. M., Escande, C., Burghardt, P. R., Zhang, M., Barbosa, M. T., Chini,
E. N., et al. (2010). Spontaneous activity, economy of activity, and resistance
to diet-induced obesity in rats bred for high intrinsic aerobic capacity. Horm.
Behav. 58, 355–367. doi: 10.1016/j.yhbeh.2010.03.013
Novak, C. M., and Levine, J. A. (2007). Central neural and endocrine
mechanisms of non-exercise activity thermogenesis and their potential impact
on obesity. J. Neuroendocrinol. 19, 923–940. doi: 10.1111/j.1365-2826.2007.
01606.x
Nozu, T., Kikuchi, K., Ogawa, K., and Kuroshima, A. (1992). Effects of running
training on in vitro brown adipose tissue thermogenesis in rats. Int. J.
Biometeorol. 36, 88–92. doi: 10.1007/BF01208918
Pilegaard, H., Ordway, G. A., Saltin, B., and Neufer, P. D. (2000).
Transcriptional regulation of gene expression in human skeletal muscle
during recovery from exercise. Am. J. Physiol. Endocrinol. Metab. 279,
E806–E814.
Pilegaard, H., Saltin, B., and Neufer, P. D. (2003). Exercise induces transient
transcriptional activation of the PGC-1alpha gene in human skeletal muscle.
J. Physiol. 546(Pt 3), 851–858. doi: 10.1113/jphysiol.2002.034850
Raman, E. R., Roberts, M. F., and Vanhuyse, V. J. (1983). Body temperature control
of rat tail blood flow. Am. J. Physiol. 245, R426–R432.
Ravussin, E., and Gautier, J. F. (1999). Metabolic predictors of weight gain. Int. J.
Obes. Relat. Metab. Disord. 23(Suppl. 1), 37–41. doi: 10.1038/sj.ijo.0800793
Rikke, B. A., and Johnson, T. E. (2004). Lower body temperature as a potential
mechanism of life extension in homeotherms. Exp. Gerontol. 39, 927–930. doi:
10.1016/j.exger.2004.03.020
Rodgers, R. J., Cao, B. J., Dalvi, A., and Holmes, A. (1997). Animal models of
anxiety: an ethological perspective. Braz. J. Med. Biol. Res. 30, 289–304. doi:
10.1590/s0100-879x1997000300002
Rolfe, D. F., Newman, J. M., Buckingham, J. A., Clark, M. G., and Brand, M.
D. (1999). Contribution of mitochondrial proton leak to respiration rate in
working skeletal muscle and liver and to SMR. Am. J. Physiol. 276(3 Pt 1),
C692–C699.
Rosenbaum, M., Hirsch, J., Gallagher, D. A., and Leibel, R. L. (2008). Long-
term persistence of adaptive thermogenesis in subjects who have maintained
a reduced body weight. Am. J. Clin. Nutr. 88, 906–912.
Roth, G. S., Lane, M. A., Ingram, D. K., Mattison, J. A., Elahi, D., Tobin, J. D.,
et al. (2002). Biomarkers of caloric restriction may predict longevity in humans.
Science 297, 811. doi: 10.1126/science.1071851
Rothwell, N. J., and Stock, M. J. (1979). A role for brown adipose tissue in
diet-induced thermogenesis. Nature 281, 31–35. doi: 10.1038/281031a0
Rousset, S., Alves-Guerra, M. C., Mozo, J., Miroux, B., Cassard-Doulcier, A. M.,
Bouillaud, F., et al. (2004). The biology of mitochondrial uncoupling proteins.
Diabetes 53(Suppl. 1), S130–S135. doi: 10.2337/diabetes.53.2007.s130
Russell, A. P., Wadley, G., Hesselink, M. K., Schaart, G., Lo, S., Leger, B., et al.
(2003). UCP3 protein expression is lower in type I, IIa and IIx muscle fiber
types of endurance-trained compared to untrained subjects. Pflugers Arch. 445,
563–569. doi: 10.1007/s00424-002-0943-5
Sanchez-Alavez, M., Alboni, S., and Conti, B. (2011). Sex- and age-specific
differences in core body temperature of C57Bl/6 mice. Age 33, 89–99. doi:
10.1007/s11357-010-9164-6
Silvennoinen, M., Rantalainen, T., and Kainulainen, H. (2014). Validation
of a method to measure total spontaneous physical activity of sedentary
and voluntary running mice. J. Neurosci. Methods 235, 51–58. doi:
10.1016/j.jneumeth.2014.06.027
Son, C., Hosoda, K., Ishihara, K., Bevilacqua, L., Masuzaki, H., Fushiki, T., et al.
(2004). Reduction of diet-induced obesity in transgenic mice overexpressing
uncoupling protein 3 in skeletal muscle. Diabetologia 47, 47–54. doi:
10.1007/s00125-003-1272-8
Speakman, J. R., Talbot, D. A., Selman, C., Snart, S., McLaren, J. S., Redman, P.,
et al. (2004). Uncoupled and surviving: individual mice with high metabolism
have greater mitochondrial uncoupling and live longer.Aging Cell 3, 87–95. doi:
10.1111/j.1474-9728.2004.00097.x
Stanford, K. I., Middelbeek, R. J., Townsend, K. L., An, D., Nygaard, E.
B., Hitchcox, K. M., et al. (2013). Brown adipose tissue regulates glucose
homeostasis and insulin sensitivity. J. Clin. Invest. 123, 215–223. doi:
10.1172/JCI62308
St-Pierre, J., Lin, J., Krauss, S., Tarr, P. T., Yang, R., Newgard, C. B., et al.
(2003). Bioenergetic analysis of peroxisome proliferator-activated receptor
gamma coactivators 1alpha and 1beta (PGC-1alpha and PGC-1beta) in
muscle cells. J. Biol. Chem. 278, 26597–26603. doi: 10.1074/jbc.M301
850200
Tonkonogi, M., Krook, A., Walsh, B., and Sahlin, K. (2000). Endurance training
increases stimulation of uncoupling of skeletal muscle mitochondria in humans
by non-esterified fatty acids: an uncoupling-protein-mediated effect? Biochem.
J. 351(Pt 3), 805–810. doi: 10.1042/bj3510805
Trayhurn, P., Thurlby, P. L., and James, W. P. (1977). Thermogenic defect in
pre-obese ob/ob mice. Nature 266, 60–62. doi: 10.1038/266060a0
Vachon, P., and Moreau, J. P. (2001). Serum corticosterone and blood glucose in
rats after two jugular vein blood sampling methods: comparison of the stress
response. Contemp. Top. Lab. Anim. Sci. 40, 22–24.
van den Berg, S. A., van Marken Lichtenbelt, W., Willems van Dijk, K.,
and Schrauwen, P. (2011). Skeletal muscle mitochondrial uncoupling,
adaptive thermogenesis and energy expenditure. Curr. Opin. Clin.
Nutr. Metab. Care 14, 243–249. doi: 10.1097/MCO.0b013e328
3455d7a
Waalen, J., and Buxbaum, J. N. (2011). Is older colder or colder older?
The association of age with body temperature in 18,630 individuals. J.
Gerontol. Series A Biol. Sci. Med. Sci. 66, 487–492. doi: 10.1093/gerona/
glr001
Frontiers in Physiology | www.frontiersin.org 14 July 2016 | Volume 7 | Article 311
Karvinen et al. Aerobic Capacity and Body Temperature
Waters, R. P., Renner, K. J., Summers, C. H., Watt, M. J., Forster, G. L., Koch,
L. G., et al. (2010). Selection for intrinsic endurance modifies endocrine
stress responsiveness. Brain Res. 1357, 53–61. doi: 10.1016/j.brainres.2010.
07.078
Wisloff, U., Najjar, S. M., Ellingsen, O., Haram, P. M., Swoap, S., Al-Share, Q.,
et al. (2005). Cardiovascular risk factors emerge after artificial selection for low
aerobic capacity. Science 307, 418–420. doi: 10.1126/science.1108177
Yamashita, H., Yamamoto, M., Ookawara, T., Sato, Y., Ueno, N., and Ohno,
H. (1994). Discordance between thermogenic activity and expression of
uncoupling protein in brown adipose tissue of old rats. J. Gerontol. 49, B54–B59.
doi: 10.1093/geronj/49.2.b54
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Karvinen, Silvennoinen, Ma, Törmäkangas, Rantalainen,
Rinnankoski-Tuikka, Lensu, Koch, Britton and Kainulainen. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Physiology | www.frontiersin.org 15 July 2016 | Volume 7 | Article 311
